The spin-orbit torque (SOT) arising from materials with large spin-orbit coupling promises a path for ultra-low power and fast magnetic-based storage and computational devices. We investigated the SOT from magnetron-sputtered BixSe(1-x) thin films in BixSe(1-x)/CoFeB heterostructures by using a dc planar Hall method. Remarkably, the spin Hall angle (SHA) was found to be as large as 18.83, which is the largest ever reported at room temperature (RT). Moreover, switching of a perpendicular CoFeB multilayer using SOT from the BixSe(1-x) has been observed with the lowest-ever switching current density reported in a bilayer system: 2. 
Currently, SOT in spin Hall material (SHM)/ferromagnet (FM) heterostructures is of great interest due to its efficient switching of magnetization in proposed spin-based memory and logic devices (1-3). SOT has been calculated theoretically (4, 5) and observed experimentally in heavy metals (HMs) (6) (7) (8) (9) (10) and TIs (11) (12) (13) (14) (15) (16) . The in-plane charge current injected into an SHM/FM/oxide heterostructure is scattered in the vertical direction, either up or down, depending upon the spin orientation of electrons due to the spin Hall effect (SHE) (6, 7, 10, 17) or Rashba effect (9, 18) . Thus, accumulated spin-polarized current in the interface between the SHM and FM transfers spin angular momentum to the FM (6, 7, 19) , which can rotate the magnetization of the FM and is known as SOT.
Conventionally, the spin-polarized current is generated by using a ferromagnetic polarizer that transfers its spin angular momentum to a FM layer. Spin-transfer torque (STT) based devices suffer from large power consumption and reliability issues due to the low efficiency of the ferromagnetic polarizer (6, 20) .
SOT-based memory and logic devices are superior compared to the STT-based devices because they do not require a separate polarizer for the generation of spin-polarized current and could potentially have a much more efficient spin-current source (1, 6, 10) . This results in a lower writing current density and, thus, much better device reliability.
The most commonly studied spin-current generators in SHM/FM heterostructures are HMs, such as Ta (6, 8, 21) , W (10, 17), Pt (7, 9) , and TIs such as Bi2Se3 (11, 12, 14) , and (Bi0.5 Sb0.5)2Te3 (13) . It has been reported by several groups that a large current density on the order of 10 6 -10 8 A/cm 2 is required to switch the magnetization using SOT from HMs due to their small SHA (6, 7, 9) . In the case of a TI as the spin-current generator, switching of the magnetic doped TI (Cr0.08Bi0.54Sb0.38)2Te3 layer at 1.9 K has been observed with a current density 8.9 × 10 4 A/cm 2 (13) . It is also expected that TIs will be able to demonstrate a low switching current density for the switching of magnetization at RT as a result of their large spin-orbit coupling (SOC) (11) (12) (13) (14) . However, the switching of magnetization has not yet been observed on any TI/FM bilayer system at RT. Furthermore, the practical application of single crystalline TI grown by molecular beam epitaxy (MBE) is limited due to its strict demand on the single crystal substrate. It is also constrained due to the presence of valleys or voids with different size and height as a result of triangular spirals (22).
In this paper, we report BixSe(1-x) films with giant spin Hall angles at RT grown on silicon substrate by magnetron sputtering, which is a semiconductor industry compatible process. The dc planar
Hall method is used for the characterization of SOT in a BixSe(1-x)/CoFeB heterostructure with in-plane magnetic easy-axis (23-25). At RT, the SHA (the ratio of spin-polarized current density to charge current density) of the sputtered BixSe(1-x) film is up to two orders of magnitude larger than that of HMs and approximately one order of magnitude greater than the crystalline TI, Bi2Se3. In particular, we developed a perpendicular CoFeB multilayer on BixSe(1-x) films and demonstrated switching of the magnetization using SOT arising from the BixSe(1-x) with the lowest switching current density in bilayers at RT.
Moreover, the spin Hall conductivity (SHC), which is the product of SHA and electrical conductivity of the SHM, is determined to be comparable to or larger than the previously reported values of other spincurrent generators. Furthermore, the sputtered BixSe(1-x) layer on silicon substrate shows an excellent surface smoothness on a wafer scale for a better practical application in future.
In order to characterize the SOT arising from the BixSe(1-x) films, thin films with the multilayer structure Si/SiO2/MgO (2 nm)/BixSe(1-x) (tBiSe nm)/CoFeB (5 nm)/MgO (2 nm)/Ta (5 nm) were prepared, with tBiSe= 4, 8,16, and 40 nm as shown in the schematic drawing in figure 2A . Unless otherwise stated, we will use the labeling BS4, BS8, BS16, BS40 for the samples with tBiSe= 4, 8, 16, 40 nm, respectively. Figure 1A ,B shows the high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of samples BS4 and BS8, respectively. The HAADF-STEM images show that BixSe(1-x) has a polycrystalline structure and that the atomic layers of Bi and Se are continuous in both the BS4 and BS8 samples. Additionally, the average grain orientation in sample BS4 is 2° with a standard deviation of 9° (from vertical c-orientation), which is almost identical to the average grain orientation in the BS8 sample (2° with a standard deviation of 8°). The energy dispersive X-ray spectroscopy (EDS) line scan shows that at the top of the BixSe(1-x) films there is stoichiometric Bi2Se3; however, there is a gradient of the Bi concentration from top to the bottom of the films (figure S2). The average ratio x in BixSe(1-x) film is 0.47 with ± 3% uncertainty determined by the Rutherford back scattering (RBS). Figure   1C shows the atomic force microscopy (AFM) images of Si/SiO2/MgO (2 nm)/BixSe(1-x) 4 nm film. The root mean square (RMS) value of the surface roughness of the 4 nm BixSe(1-x) film is 0.51nm.
Furthermore, we probed surface roughness propagation in full stack as shown in figure 1D . 
where C is the resistance offset that accounts for the Hall bar imbalance, on TI (11) (12) (13) (14) . A summary of σ , SHA, SHC for our samples and the best previously reported SHMs is presented in Table 1 .
In our measurement technique, after we use a large in-plane magnetic field to make the CoFeB film single domain, we did not observe any significant HT and Oersted field which can be clearly seen in , respectively. The dominant int σ confirms that the SHE in the BixSe(1-x) films is mainly due to the intrinsic SHE.
The SOT arising from BixSe(1-x) can be directly observed by switching a FM in close proximity to the spin channel(6-9). We prepared a Si/SiO2/MgO (2 nm)/BixSe(1-x) (4 nm)/Ta (0.5 nm)/CoFeB (0.6 nm)/Gd (1.2 nm/CoFeB (1.1 nm)/MgO (2 nm)/Ta (2 nm) sample and a control sample Si/SiO2/MgO (2 nm)/Ta (5 nm)/CoFeB (0.6 nm)/Gd (1.2 nm)/CoFeB (1.1 nm)/MgO (2 nm)/Ta (2 nm) for the switching experiment. The films were patterned into Hall cross bars using optical lithography. Figure 3B shows the One of the key factors for widespread realization of SOT-based spintronic devices is the development of a spin Hall channel with a high spin current generation efficiency. This leads to a low switching current density of the adjacent magnet and paves the way for ease of integration of spintronic devices with semiconductors. Moreover, the development of a smooth SHM interface at low thermal budget must be achievable. We demonstrated the growth of smooth BixSe(1-x) films on a large silicon wafer with the largest SHA ever reported using a semiconductor industry compatible sputtering process.
These films possess comparable or better SHC compared to other reported spin-current generators at RT.
Furthermore, we developed and switched a perpendicular CoFeB multilayer on BixSe(1-x) films for the first time at RT by a TI material, which enables a path for reliable and efficient beyond-CMOS devices. It should be pointed out that the BixSe(1-x) in this study is still not optimized, so there is a wide window to improve the characteristics of BixSe(1-x) as a spin Hall channel. 
